Background: How multiple receptors for phagocytosis contribute to host immunity against bacterial infection has been elusive. Results: Drosophila phagocytes use two receptors, integrin and Draper, to effectively recognize and engulf Staphylococcus aureus. Conclusion: Dual recognition system exists in Drosophila for phagocytic removal of pathogenic bacteria. Significance: Study of cellular immune response is important for understanding host defense against infectious diseases.
Phagocytosis is a cellular immune response by which cells foreign to host organisms are incorporated and digested by immune cells called phagocytes (1, 2) .
In innate immunity, phagocytosis plays a front-line role in the host defense against invasive microorganisms. The importance of phagocytosis relative to humoral immune responses in innate immunity, such as the production of antimicrobial substances, has been controversial and in Drosophila melanogaster appears to depend on infectious state: the two immune responses sometimes cooperate with each other to prevent infectious diseases (3, 4) or act differentially depending on the stage of infection (5) and the kind of microorganism (6) . Another important issue is whether the occurrence of phagocytosis is necessary for the subsequent induction of humoral responses, with reports both for (7) (8) (9) (10) and against (11, 12) this notion. To resolve these issues, it is necessary to deepen our understanding of the mechanism of phagocytosis, and in particular, how invading microorganisms are recognized and engulfed by phagocytes.
It is widely appreciated that the fundamental mechanism of immune response is common among species from Drosophila melanogaster and Caenorhabditis elegans, animals frequently used as models in the study of innate immunity (13) , to mice and humans (14) (15) (16) . The use of Drosophila provides the advantage that genetically tractable experiments are feasible using whole animals infected by either injury or feeding with microorganisms (14) . There are three types of Drosophila blood cells, i.e. hemocytes, which play distinct roles in innate immunity, namely, plasmatocytes, crystal cells and lamellocytes, with plasmatocytes responsible for the phagocytic elimination of invading microorganisms (15) (16) (17) . In mammals, the phagocytosis of bacteria is accomplished mostly with the aid of a serum component called opsonin that connects target cells and phagocytes.
Both opsonin-dependent and -independent mechanisms of phagocytosis are likely to exist in Drosophila, but the former is less clearly understood (18) . In contrast, a number of candidate receptors for the phagocytosis of bacteria have been reported, which are presumed to directly recognize bacterial components, including peptidoglycan recognition protein LC (19) ; members of the scavenger receptor family of proteins such as Peste (20) , dSR-CI (21) and Croquemort (22) ; and the Nimrod family of proteins including Eater (6, 23, 24) , Nimrod C1 (25) and Draper (26) . However, the identity of putative cell wall components serving as ligands for these receptor proteins is largely obscure. Nevertheless, it is anticipated that a multiple recognition system for the phagocytic removal of bacteria exists in Drosophila to protect host organisms from infection with pathogenic microorganisms. Croquemort (27, 28) and Draper (29, 30) were originally found to act as receptors in the phagocytosis of apoptotic cells in Drosophila, suggesting that common receptors are used in the phagocytic elimination of apoptotic cells and invading bacteria in Drosophila. We recently reported that integrin βν, a β subunit of Drosophila integrins, is required for the phagocytic elimination of apoptotic cells in Drosophila embryos (31) . In the present study, we examined whether this subunit is also involved in host defense against microorganisms.
EXPERIMENTAL PROCEDURES
Bacterial strains, fly stocks, and antibody-The strain RN4220 was used as wild-type S. aureus and the parental strain for M0674 and TS2901. The strain M0674 does not express ltaS that codes for polyglycerolphosphate synthase, an enzyme responsible for the synthesis of polyglycerolphosphate of lipoteichoic acid, and thus lacks lipoteichoic acid (32) . The strain TS2901 possesses a temperature-sensitive murB that codes for UDP-N-acetylenolpyruvylglucosamine reductase, an enzyme responsible for the synthesis of peptidoglycan, and produces a reduced level of peptidoglycan at a non-permissive temperature (33) . Complementation of TS2901 with wild-type murB was done according to standard procedures using the plasmid pND50 as a vector (33) (35) , and Rac1 J11 Rac2 ∆ (36) (Bloomington Drosophila Stock Center). Some of the fly lines were used after changing balancers, and other lines were generated through the mating of existing flies.
The anti-integrin βν antiserum was raised by immunizing rats with an extracellular region (amino acid positions 6-697 with the amino terminus numbered 1) of integrin βν that had been expressed in E. coli as a protein fused to GST at the amino terminus and purified to homogeneity. Antigen specificity of this antibody was confirmed in Western blotting (supplemental Fig. 1 ). Anti-GST mAb and HRP-conjugated anti-mouse IgG antibody were purchased from Millipore and GE Healthcare, respectively.
Bacterial infection, and assays for bacterial growth and antimicrobial peptide production-The injection of bacteria into the abdomen of male adult flies, reminiscent of a septic infection, was done according to established procedures (37) with modifications (26) . Briefly, flies 3-7 days after eclosion (15-20 flies per vial, 1-3 vials in each experiment) were injected with 50 nl of PBS containing given numbers of bacteria (1 × 10 3 per fly except for the analysis of phagocytosis, see below). For the oral infection, adult flies (13-15 flies per vial, 3 vials in each experiment) that had been dehydrated for 2 h without food were maintained in a vial containing filter paper soaked with 0.3 ml of 1% (w/v) sucrose including about 10 10 bacteria or 50 mM H 2 O 2 according to a published procedure (38) . The flies infected with bacteria were maintained at 29˚C until use. The growth of bacteria in flies was analyzed by determining the colony-forming activity of injected bacteria as described previously (26) . Briefly, homogenates of infected flies were plated at serial dilutions on an agar medium, and the number of colonies that appeared after incubation was expressed as cfu per fly. The level of mRNA of drosomycin was determined by quantitative RT-PCR as described previously (26) . In brief, total RNA was prepared from about 100 infected flies and used as a template in RT to synthesize cDNA. The cDNA was then used as a template in real-time PCR for amplifying the sequences corresponding to mRNA of drosomycin and ribosomal protein 49, and the levels of the signals derived from drosomycin mRNA were normalized against that from ribosomal protein 49 mRNA, which served as an internal control. The DNA oligomers used as primers in real-time PCR were: 5'-CGTGAGAACCTTTTCCAATATGATG-3' (forward) and 5'-TCCCAGGACCACCAGCAT-3' (reverse) for drosomycin; and 5'-GACGCTTCAAGGGACAGTATCTG-3' (forward) and 5'-AAACGCGGTTCTGCATGAG-3' (reverse) for ribosomal protein 49 .
Assay for phagocytosis-An assay for the phagocytosis of S. aureus in vivo and in vitro was carried out as described previously (26) . Briefly, for the assay in vivo male adults were injected with S. aureus (1 × 10 6 per fly), which had been labeled with FITC or 5-carboxyfluorescein, succinimidyl ester (Molecular Probes), maintained at 29 ˚C for 2 h, administered with PBS containing 0.4% (w/v) trypan blue to quench fluorescence derived from bacteria left unengulfed, and examined under a fluorescence microscope after 30 min. The level of phagocytosis was determined based on the size of clusters of fluorescent materials, which corresponded to aggregates of hemocytes that had engulfed bacteria. For the assay in vitro, larval hemocytes were prepared essentially according to established procedures (37) with modifications (26) . In brief, hemolymph was collected from wandering third-instar larvae, placed on Teflon-coated glass slides, and incubated on ice for 10 min so that isolated hemocytes adhered to the slides. The hemocyte cultures were incubated with FITC-labeled bacteria (hemocytes : targets = 1 : 500) or fluorescence-labeled latex beads (2.0 µm in diameter; Molecular Probes) (hemocytes : targets = 1 : 200) at 25 ˚C for 10-30 min, washed with PBS, enclosed with 0.4 mM sodium acetate buffer (pH3.5) containing 0.4% trypan blue, and examined by fluorescence microscopy.
The ratio of hemocytes containing target particles and the number of target particles contained in 100 phagocytes were determined and exhibited as "phagocytosing hemocytes" and "engulfed targets", respectively.
Assays for binding of peptidoglycan to hemocytes, and integrin to bacteria and peptidoglycan-To examine the binding of peptidoglycan to hemocytes, larval hemocytes (1 × 10 4 ) were incubated for 10 min at 25 ˚C with an insoluble preparation of peptidoglycan (20 µg), which had been prepared from wild-type S. aureus (39) and labeled with FITC. The cells were then washed, fixed, and examined by fluorescence microscopy. For the analysis of the binding of integrin βν to S. aureus, a mixture of GST-fused integrin βν (10 pmoles) used as an antigen for generating the antibody and GST alone (10 pmoles) was incubated with strains of S. aureus (1 × 10 8 ) for 15 min at room temperature, and the bacteria were collected by centrifugation, washed with PBS, lysed, and analyzed by Western blotting with anti-GST mAb, essentially as described previously (31) . Binding of integrin βν to peptidoglycan was tested using insoluble and soluble fractions of peptidoglycan.
A mixture of GST-fused integrin βν (10 pmoles) and GST (10 pmoles) was incubated with insoluble fractions of peptidoglycan prepared from E. coli (5 µg) (40) or S. aureus (wild-type strain) (40 µg) for 5 min at room temperature, and peptidoglycan was precipitated by centrifugation, washed with PBS, and analyzed by Western blotting using anti-GST mAb.
To examine the binding of integrin βν to soluble peptidoglycan preparations, dishes of a 96-well culture container (MS-8496F; Sumitomo Bakelite, Tokyo, Japan) were coated with peptidoglycan (4 µg per well), which had been prepared from wild-type S. aureus (39) , and increasing amounts of GST-fused integrin βν or GST were added in triplicate. The dishes were incubated for 3 h at room temperature, washed, successively supplied with anti-GST mAb and HRP-conjugated anti-mouse IgG antibody, and subjected to a colorimetric reaction using o-phenylenediamine as a substrate, and the amount of the reaction products was determined by measuring A 490 .
Data processing and statistical analysis-Results from quantitative analyses are expressed as the mean ± S. D. of the data from at least three independent experiments, unless otherwise stated in the text. Other data are representative of at least three independent experiments that yielded similar results. Statistical analyses were performed using Student's t test, and p values of less than 0.05 were considered significant and are indicated in the figures.
RESULTS
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Role for integrin βν in phagocytosis of S. aureus by Drosophila hemocytes-We first examined the role of integrin βν in the defense of Drosophila against S. aureus. For this purpose, adult flies of an integrin βν-lacking mutant (betaInt-nu 2 ) were subjected to an abdominal or oral infection with S. aureus, and the ratio of live flies was determined (Fig. 1A) . As we showed previously (26) , the abdominal injection of the bacterium led to the death of control flies (w 1118 ) while feeding flies with bacteria-containing meals did not have a lethal effect. Under these conditions, a loss of integrin βν accelerated the death of flies that had received the abdominal infection but did not influence the consequence of the oral infection with or without superoxide (data not shown), which enhances the killing of flies orally infected with S. aureus (38) . There was no difference in survival between control flies and the integrin βν-lacking mutant that had received an injection with PBS, the solvent for bacteria. These results indicated the involvement of integrin βν in the mechanism to combat invading S. aureus. We then examined if a loss of integrin βν helps the growth of S. aureus in adult flies. The number of colony-forming bacteria recovered from flies 24 h after the infection was determined and compared between the mutant and control flies. More colony-forming bacteria were obtained from integrin βν-lacking flies (Fig. 1B) , suggesting the inhibitory effect of integrin βν on bacterial growth in adult flies.
We next examined which type of immune response, cellular or humoral, integrin βν participates in. An assay for phagocytosis, a cellular response, was first conducted in vivo using fluorescence-labeled S. aureus injected into the abdomen of adult flies. We found that the size of fluorescent clusters, a hallmark of the engulfment of bacteria by hemocytes, was smaller in integrin βν-lacking flies than in control flies ( Fig. 2A) . To further confirm this, we determined the phagocytic activity of hemocytes isolated from third-instar larvae in vitro. When larval hemocytes were first immunocytochemically analyzed for the presence of integrin βν, most (>95%) cells were positive for punctate signals around surfaces, which were almost lost in the null mutant (Fig. 2B) . The level of phagocytosis of S. aureus with integrin βν-lacking hemocytes was about half of that with control hemocytes while latex beads were phagocytosed equally by either hemocyte preparation (Fig. 2C) .
A decreased level of phagocytosis upon the loss of integrin βν was replicated in experiments both in vivo and in vitro with another null allele of betaInt-nu (betaInt-nu 1 ) (data not shown). In contrast, E. coli and B. subtilis were effectively phagocytosed by larval hemocytes regardless of the absence of integrin βν (Fig. 2C) , suggesting that hemocytes do not use this integrin subunit for phagocytosing these bacteria. The level of mRNA of drosomycin, an antimicrobial peptide produced as an innate immune response to bacterial infection via the Toll pathway (15), was not altered by the loss of integrin βν (Fig. 2D) . These results indicated that integrin βν is required for the phagocytic elimination of invading S. aureus, most likely as a receptor for phagocytosis, but not for the production of antimicrobial peptides. Independent actions of integrin βν and Draper in defense against S. aureus-We previously reported that Draper acts as a receptor in the phagocytosis of S. aureus in Drosophila (26) . The functional relationship of integrin βν with Draper was determined because integrin βν also likely acts as a receptor for phagocytosis. We determined the level of phagocytosis with flies lacking both integrin βν and Draper, and compared it to that with flies deficient in either protein alone. In an assay in vivo, the level of phagocytosis in double-mutant flies seemed to be somewhat lower than that in single-mutants (Fig. 3A) .
This was more significant when larval hemocytes prepared from mutant flies were examined for their phagocytic activity in vitro. The level of phagocytosis by hemocytes lacking either integrin βν or Draper was 60-70% of that by control hemocytes while it was reduced to about 30% of the control level upon a simultaneous loss of the two receptors (Fig. 3B) . These results indicated that both integrin βν and Draper are required for a maximal level of the phagocytosis of S. aureus by Drosophila hemocytes. The S. aureus gene ltaS codes for an enzyme responsible for the synthesis of glycerolphosphate repeat of lipoteichoic acid, and bacteria that do not express ltaS lack lipoteichoic acid (32). Draper requires lipoteichoic acid for the efficient phagocytosis of S. aureus: hemocytes of control flies phagocytose ltaS-deficient S. aureus less effectively than parental bacteria while Draper-lacking hemocytes almost equally phagocytose these two bacterial strains at a lower level (26) . We found that hemocytes lacking integrin βν required the presence of lipoteichoic acid in S. aureus for a maximal level of phagocytosis (Fig. 3C) , suggesting that the integrin βν-mediated phagocytosis of S. aureus does not depend on lipoteichoic acid. The fact that Draper recognizes lipoteichoic acid as a ligand for phagocytosis (26) suggested that integrin βν recognizes a cell wall component(s) of S. aureus other than lipoteichoic acid. We next examined the cooperation between the two proteins in defense mechanisms besides phagocytosis. The level of bacterial growth was higher in the double-mutant than single-mutants (left panel in Fig. 3D ), and flies lacking both integrin βν and Draper died earlier than those deficient in the expression of either protein (right panel in Fig. 3D ).
The above-described data collectively showed that integrin βν and Draper cooperate with each other for flies to survive infection with S. aureus.
Role for peptidoglycan in integrin βν-mediated phagocytosis of S. aureus-It is likely that a cell wall component other than lipoteichoic acid acts as a ligand for integrin βν. In a previous study, we determined the level of phagocytosis of various S. aureus strains with defects in the synthesis of cell walls, and found teichoic acid and glycolipids but not lipoproteins to be required for efficient phagocytosis (26) . Lipoteichoic acid was later found to serve as a ligand for Draper (26) , and the involvement of peptidoglycan was yet to be examined.
We therefore wondered if peptidoglycan is involved in the integrin βν-mediated phagocytosis of S. aureus. A strain of S. aureus possessing a temperature-sensitive murB (strain TS2901) produces a reduced level of peptidoglycan at a non-permissive temperature (33) . This mutant strain behaved as a less effective target for phagocytosis than the parental strain in an assay in vivo (Fig. 4A) as well as in vitro (Fig. 4B) . Complementation of the mutant strain with the wild-type gene almost completely restored this defect (Figs. 4A and 4B ). These results indicated that the expression of murB is necessary for S. aureus to be effectively phagocytosed by Drosophila hemocytes. We then examined the phagocytosis of the murB-mutant and parental strains by hemocytes prepared from integrin βν-lacking and control (w 1118 ) flies (Fig. 4C) . The murB-mutant strain was still less effectively phagocytosed than the parental strain by hemocytes lacking integrin βν. However, a difference in the susceptibility to phagocytosis between the two S. aureus strains was significantly smaller in experiments using integrin βν-lacking hemocytes compared to that with control hemocytes. These results suggested the involvement of peptidoglycan in the integrin βν-mediated phagocytosis of S. aureus.
We next asked if integrin βν binds peptidoglycan.
To test the binding of peptidoglycan to hemocytes, a fraction of the cell wall rich in peptidoglycan was labeled with FITC and incubated with larval hemocytes, and the hemocytes were recovered by centrifugation, washed, and examined by fluorescence microscopy. While intense signals were detectable with control hemocytes, the level of the signal with integrin βν-lacking hemocytes was only marginal (Fig. 4D) , suggesting the integrin βν-mediated binding of peptidoglycan to hemocytes. We next examined the binding of integrin βν to S. aureus strains. Bacteria, parental or murB mutant strain, were incubated with a mixture of GST-fused recombinant protein corresponding to the extracellular region of integrin βν and GST alone at an equal molar ratio, precipitated by centrifugation, lysed, and analyzed by Western blotting for the presence of the GST proteins.
The signal corresponding to GST-fused integrin βν was more intense than that of GST alone using the parental S. aureus strain, but this was not the case in the experiment using the murB mutant (left panel in Fig.  4E ). To directly analyze the binding of integrin βν to peptidoglycan, insoluble preparations of peptidoglycan obtained from S. aureus (parental strain) and E. coli were incubated with a mixture of GST-fused integrin βν and GST, precipitated, and subjected to Western blotting with anti-GST antibody. We found that more GST-fused integrin βν was recovered than GST alone using S. aureus peptidoglycan while recovery of the two GST proteins did not significantly differ using peptidoglycan prepared from E. coli (middle panel in Fig. 4E ). Finally, we analyzed the binding of integrin βν to a soluble preparation of peptidoglycan in a solid-phase assay. GST-fused integrin βν showed dose-dependent adhesion to culture dishes coated with S. aureus peptidoglycan, but GST alone did not give appreciable binding (right panel in Fig. 4E ). We were unable to examine the binding of integrin βν to a soluble preparation of E. coli peptidoglycan that caused extremely high background in this assay. These results collectively indicated a physical association between integrin βν and peptidoglycan of S. aureus.
Involvement of Rac but not Elmo in integrin βν-mediated phagocytosis of S. aureus-We next addressed an event located downstream of integrin βν for the induction of the phagocytosis of S. aureus.
There are two partly overlapping pathways for the induction of the phagocytosis of apoptotic cells in C. elegans, namely, CED-1-CED-6/CED-7-CED-10 and CED-2-CED-5-CED-12-CED-10, which are presumably conserved among species (41, 42 ). Draper appears to be located at the furthest point upstream of the former pathway in the phagocytosis of apoptotic cells (43) and degenerated neural axons (44) . This suggests the involvement of the latter pathway in the integrin βν-mediated phagocytosis of S. aureus although this is not clear in the integrin βν-mediated phagocytosis of apoptotic cells (31) . Drosophila counterparts of C. elegans CED-12 and CED-10 are Elmo and Rac, respectively (41, 42) . There are three RacGTPases; namely, Rac1, Rac2 and Mig2-like, besides Rho and Cdc42 that together constitute the Drosophila RhoGTPase family of protein. We examined the involvement of Rac1 and Rac2 in the phagocytosis of S. aureus because previous reports showed that these two GTPases are necessary for the cellular immune response by Drosophila hemocytes: Rac2 is required for the phagocytosis of bacteria (45), and both Rac1 and Rac2 are required for the encapsulation of wasp eggs (46, 47) .
We first examined the involvement of Elmo, a Drosophila homologue of CED-12 and a component of a guanine nucleotide exchange factor specific for the small G protein Rac (48) . However, larval hemocytes lacking the expression of Elmo showed phagocytic activity comparable to those prepared from control flies (Fig. 5A) , suggesting that Elmo is dispensable. In contrast, hemocytes isolated from flies heterozygous for mutant alleles of both betaInt-nu and Rac showed a decreased level of phagocytosis compared to those from a heterozygote of either mutation (Fig. 5B) , indicating a genetic interaction between the two genes. These results suggested that Rac1/Rac2 is contained in a signaling pathway located downstream of integrin βν for the induction of the phagocytosis of S. aureus.
DISCUSSION
In the present study, we found that betaInt-nu coding for βν, a β subunit of Drosophila integrins, participates in the phagocytosis of Gram-positive S. aureus by hemocytes. We previously reported that Draper, another membrane-transverse protein of Drosophila hemocytes, is involved in the phagocytosis of the same bacterium (26) . Here we showed that Draper and integrin βν cooperate in the defense against S. aureus to confer flies prolonged survival after a septic infection with the bacterium. The two receptors appeared to recognize distinct cell wall components as ligands for phagocytosis: Draper binds to lipoteichoic acid (26) while integrin βν does peptidoglycan.
This suggests the presence of a dual recognition system by hemocytes for the efficient removal of S. aureus by phagocytosis.
Signaling pathways located downstream of the receptors remain to be clarified, but they both seemed to require Rac, a small G protein involved in the phagocytosis of apoptotic cells (41, 42) , suggesting that the two pathways overlap at least partly. Integrin βν seemed not required for the phagocytosis of E. coli and B. subtilis by larval hemocytes. The structure of peptidoglycan of S. aureus differs from that of these two bacteria species particularly in the composition of peptide, suggesting that a peptide portion of peptidoglycan is involved, either directly or indirectly, in the recognition by integrin βν. In fact, our data suggested that integrin βν does not effectively recognize peptidoglycan of E. coli.
Integrins exist as heterodimers of two trans-membrane proteins named α and β (49-51). There are five α (αPS1, 2, 3, 4 and 5) and two β (βPS and βν) subunits for Drosophila integrins (52, 53) . It is unknown at present which of the five α subunits forms a heterodimer with βν and acts as a receptor for the phagocytosis of S. aureus. The other β subunit of Drosophila integrin, βPS, has been shown to be required for the encapsulation by lamellocytes of larvae of the wasp Leptopilina boulardi (54) , and the small G protein Rac1 is located downstream of βPS for the induction of encapsulation (55) . Rac is thus likely responsible for the induction of a change of cell shape and cell motility so that hemocytes accomplish cellular immune reactions.
Integrins of other insect species have been reportedly involved in the phagocytosis of bacteria: larval hemocytes of Ceratitis capitata, a Mediterranean fruit fly, seem to engulf E. coli in vitro in a manner mediated by βPS (56, 57) ; and the β subunit BINT2 of the mosquito Anopheles gambiae is required for the phagocytosis of E. coli but not S. aureus both in vivo (58) and in vitro (59) .
These findings indicate that insect integrins in general play roles in the defense against invasive microorganisms.
The three receptors for the phagocytosis of bacteria in Drosophila, namely, Croquemort (27, 28), Draper (29, 30) , and integrin βν (31), were originally found as receptors responsible for the phagocytic elimination of apoptotic cells. Another example of the participation of a receptor in the phagocytosis of both apoptotic cells and bacteria comes from mammals. There is a mammalian receptor for phagocytosis, named brain angiogenesis inhibitor 1, which is required for the phagocytic elimination of dying cells in a manner mediated by the recognition of phosphatidylserine exposed at the surface of target cells (60) . This receptor was recently reported to be responsible for the phagocytosis of Salmonella typhimurium, a Gram-negative bacterium, by a murine macrophage cell line, recognizing the cell wall component LPS (61). It is therefore possible that some receptors for phagocytosis target both altered self-tissues and invading microorganisms as part of innate immune responses. In any case, it remains to be solved how such receptors recognize apparently distinct structures present at the surface of apoptotic cells and bacteria. Our results indicate that integrin βν recognizes peptidoglycan at the surface of S. aureus. Other phagocytosis receptors of Drosophila such as peptidoglycan recognition protein LC (19) and Eater (24) have been suggested to use peptidoglycan as a ligand for the phagocytosis of bacteria. Taken together, there might exist a multiple recognition system for the effective removal of invading bacteria by phagocytosis in Drosophila; that is, multiple receptors with distinct ligand-specificity in the phagocytosis of a single bacterium as well as multiple receptors with the same ligand-specificity in the phagocytosis of different bacteria species containing the same structure.
Mandell, J. W., and Ravichandran, K. S. (2007) , and Draper-deficient (drpr ∆5 ) lines, and a double mutant for betaInt-nu and drpr (betaInt-nu 2 ; drpr ∆5 ) were injected with FITC-labeled wild-type S. aureus and analyzed for the level of phagocytosis in vivo. The data with betaInt-nu 2 and drpr ∆5 fly lines are a duplicate of those shown in Fig. 2A . The micrographs at the bottom two rows are magnified views of the area with the squares in micrographs at the top two rows. The data are presented as in Fig. 2A . Scale bars, 0.5 mm. B, An assay for phagocytosis in vitro was conducted with FITC-labeled wild-type S. aureus as targets and larval hemocytes prepared from the indicated fly lines as phagocytes. C, An assay for phagocytosis in vitro was conducted with FITC-labeled wild-type (parent) or LtaS-deficient (∆ltaS) S. aureus as targets and larval hemocytes prepared from integrin βν-deficient fly lines as phagocytes. The level of phagocytosis is shown relative to that with wild-type bacteria taken as 100. Data from one of 3 independent experiments with similar results are presented. D, Adult flies of betaInt-nu 2 , drpr ∆5 , and betaInt-nu 2 ; drpr ∆5 lines were injected with wild-type S. aureus and analyzed for bacterial growth (left) and fly survival (right) at the indicated time points. In the left panel, cfu values at 24 h relative to those at 0 h
